Stepped-tube models with a constriction in the anterior section were used to evaluate the effects that nasal valve passage area and nasal cavity shape have on acoustic rhinometry (AR) measurements. The AR-determined cross-sectional areas beyond a constriction of small passage area were consistently underestimated, and the corresponding area-distance curves showed pronounced oscillations. Also, the AR technique did not accurately reproduce abrupt changes in passage area. The results suggest that, regardless of the particular shape of the nasal cavity model, AR does not provide reliable information about cross-sectional areas posterior to a severe constriction. The experimental results are discussed in terms of theoretically calculated acoustic input impedance for the models studied, the physical limitations of AR, and assumptions made in AR algorithms. The study demonstrated that energy losses and sound wave attenuation due to air viscosity do not significantly affect AR measurements. It was also shown that passage area beyond a severe constriction is underestimated because the barrier created by the constriction reflects most of the incident sound power. The results also indicate that the oscillations in area-distance curves are due to low-frequency acoustic resonances in the nasal cavity model.
Introduction
Acoustic rhinometry (AR) was introduced by Hilberg et al (1989) as an objective method for examining the nasal cavity. This technique is based on the principle that a sound pulse propagating in the nasal cavity is reflected by local changes in acoustic impedance. However, certain factors inherent to the physics and algorithms used in AR limit the accuracy of this method. One potential problem in using AR to study the geometry of the nasal cavity is that the area of a region beyond a severe constriction may not be measured accurately (Cakmak et al 2001 , Cankurtaran et al 2003 , Hilberg et al 1989 , Hilberg and Pedersen 2000 . This means that, when considering AR accuracy in relation to the complex anatomy of the nasal passage, special attention must be paid to the influence of the anterior narrow segment, the nasal valve. Various researchers have suggested that the nasal valve may cause loss of energy from the incident sound wave, which would lead to underestimation of AR-measured area beyond the narrowed site (Hamilton et al 1995 , Hilberg et al 1989 , Hilberg and Pedersen 2000 , Terheyden et al 2000 . However, the specific physical cause of the area underestimation in this portion of the nasal passage was clarified only recently by Cankurtaran et al (2003) . These authors examined the effects of nasal valve passage area on accuracy of AR measurements using simple pipe models with a constriction. They demonstrated that passage area beyond the constricted site is underestimated because the barrier created by the constriction reflects most of the incident sound power. Specifically, they found that, when the passage area at the site of constriction was smaller than normal adult size, the AR-measured cross-sectional areas beyond the constriction were consistently underestimated and the corresponding area-distance curve showed pronounced oscillations.
This previous work suggests that individual anatomical variations of the anterior narrow segment might significantly limit the role of AR as a diagnostic tool for the entire nasal cavity. If these limitations are not kept in mind during clinical examinations, AR results could lead to misinterpretation of a patient's condition. However, further studies on more complicated models for the nasal cavity, supported by theoretical considerations, are necessary in order to better understand how nasal valve passage area and the complex geometry of the nasal cavity influence AR-measured area.
The aim of this study was to investigate how nasal valve passage area and nasal cavity shape affect the accuracy of area-distance curves derived using commercially available AR equipment. We also evaluated the ability of the AR method to accurately reproduce a sudden (abrupt) change in passage area. To carry out the investigation, we used stepped-tube models with a constriction in the anterior section. We calculated the acoustic input impedance of the stepped-tube models used for the study, because it is possible to estimate both the crosssectional area as a function of distance and the acoustic input impedance from the input impulse response of the system (Fredberg et al 1980 , Hilberg et al 1989 , Hoffstein and Fredberg 1991 , Jackson et al 1977 , Jackson and Olson 1980 . We compared the cross-sectional areas derived by AR with the 'effective' cross-sectional areas based on the acoustic input impedance of the stepped-tube models. We accounted for the effects of air viscosity on AR-derived area by calculating the acoustic impedance for the propagation of planar sound waves with complex wave vector.
Materials and methods
We used a transient signal acoustic rhinometer to perform the acoustic measurements. The processed bandwidth for this rhinometer ranged from 100 Hz to 10 kHz. A 10 kHz low-pass filter was used to reduce the errors associated with cross modes in the actual nasal cavity. To assess the influence of the nasal cavity shape on AR-derived area-distance curve, and to evaluate the ability of AR to accurately reproduce sudden changes in nasal passage area, we used stepped-tube models made of brass, each consisting of three cylindrical sections ( figure 1(a) ). The anterior section was 7.0 cm long with 1.3 cm inner diameter, the second section was 5.0 cm long with 1.9 cm inner diameter and the third section was either 5.0 cm or 2.5 cm long with 2.8 cm inner diameter. The sections were connected such that there was a sudden change in passage area at each joint. To assess the effects that a constriction in the anterior portion of the nasal cavity model had on the area estimates beyond the constriction, a cylindrical insert (nasal valve simulator) of length l = 1.5 cm and inner diameter d was fitted into the first (anterior) section of the stepped-tube model. In this way, we produced five-stage stepped-tube models (figure 1(b)). Each insert was placed 2.0 cm from the anterior end of the first section, and the inner diameters of the inserts tested ranged from d = 0.4 to 1.0 cm in 0.1 cm increments. The passage areas of the inserts used matched those of the actual human nasal valve, in order to imitate the normal anatomy and pathologies of the nasal valve region (Cakmak et al 2003b , Hilberg and Pedersen 2000 , Tomkinson and Eccles 1998 . These diameters also matched those tested in pipe models by previous investigators (Buenting et al 1994 , Cakmak et al 2001 , Cankurtaran et al 2003 . All the dimensions of the five-stage stepped-tube model fitted with an insert of 0.7 cm inner diameter were approximately the same as the model used by Hilberg and Pedersen (2000) . In order to prevent acoustic leakage, the stepped-tube models were designed such that there was secure contact between the model and the nosepiece of the acoustic rhinometer. All AR measurements were repeated at least five times to ensure that the results were reproducible. 
Experimental results
Stepped-tube models without inserts (figure 1(a)) were used to assess the influence of nasal cavity shape on AR-measured area, and to evaluate the ability of AR to accurately reflect sudden changes in nasal passage area. The passage area of the narrowest (first) section of this model was large (1.32 cm 2 ), so there were no sites of constriction to affect AR in this case. Figures 2(a) and (b) illustrate experimental area-distance curves for the three-stage stepped-tube models with final section of length L = 5.0 cm and 2.5 cm, respectively. The actual cross-sectional areas of the models are shown on the diagrams for comparison. The data in figure 2 show that the experimental area-distance curve does not accurately depict the sharp increase in passage area at each junction between cylindrical sections: the AR method shows a more gradual change than actually occurs. The AR-measured area-distance curve starts to rise approximately 0.5 cm before the step (junction), increases smoothly and then levels off approximately 0.7 cm after the step. The distance over which the AR-derived curve reflected the change in area at each step (approximately 1.2 cm) was almost completely independent of the magnitude of the acute increase in area at each junction. Previous experiments with acoustic pulse reflectometry revealed similar trends for single-step models with rigid walls (Fredberg et al 1980 , Hilberg et al 1998 , Jackson et al 1977 , Sondhi and Gopinath 1971 , Sondhi and Resnick 1983 . These results indicated more gradual changes in passage area than actually existed, and the authors concluded that acoustic pulse reflectometry does not accurately reproduce a sudden change in passage area of a tubular object.
For our stepped-tube model with final-section length 5.0 cm, apart from the abovementioned findings at each step and oscillations in the measured areas for each cylindrical section, there were no significant discrepancies between AR-derived area and actual area ( figure 2(a) ). In contrast, towards the end of the stepped-tube model with final-section length 2.5 cm, the AR-derived area deviated significantly from actual area ( figure 2(b) ). Specifically, the cross-sectional areas of the second and third sections of the model were underestimated and the corresponding AR-derived area-distance curve showed oscillations. These results suggest that the length of the final section of the stepped-tube model imposes an important boundary condition that affects the accuracy of AR measurements.
Ever since acoustic pulse response analysis was first described (Sondhi and Gopinath 1971) , it has been of special interest to investigate how narrowing (constriction) of the anterior portion of the acoustic pathway influences area estimates at locations beyond such a constriction (Brooks et al 1984 , Fredberg et al 1980 , Hilberg et al 1989 , Hilberg and Pedersen 2000 , Jackson et al 1977 , Jackson and Olson 1980 , Sondhi and Resnick 1983 . As detailed above, we also recorded AR measurements in our stepped-tube models after narrowing the passage area with different-sized inserts placed in the anterior section. Figures 3(a) and (b) display typical examples of the variation we observed in AR-derived area-distance curves relative to the inner diameter (d) of the insert for models with finalsection length 5.0 cm and 2.5 cm, respectively. For clarity, only the data sets obtained for three different insert diameters are presented in these graphs. The actual cross-sectional areas of the models are also shown for comparison. As figure 3 shows, the AR-measured cross-sectional areas anterior to the insert were similar and almost completely independent of insert diameter. The results suggest that AR provides a reasonably accurate measure of cross-sectional area from the anterior opening of the model to approximately 1.0 cm before the insert (nasal valve simulator). The measured passage area of the insert, which corresponds to the deepest minimum in the corresponding area-distance curve, was consistently overestimated for inserts with inner diameter smaller than 0.6 cm. The degree of overestimation was less when the inner diameter of the insert was greater than 0.6 cm.
For the stepped-tube models with inserts of inner diameter d > 0.6 cm, the cross-sectional areas of the uniform sections (i.e. away from the site of sudden change in passage area, the step) were estimated with considerable accuracy (figure 3). However, with inserts of inner diameter d < 0.6 cm (passage area <0.283 cm 2 ), the AR method consistently underestimated the crosssectional area of regions beyond the constriction. The data presented in figure 3 illustrate that, regardless of the shape of the nasal cavity model, a severe anterior constriction leads to underestimation of passage area in all sections of the model distal to this narrowing. The degree of area underestimation increased as the passage area of the constriction decreased. In addition, regardless of the passage area of the insert, the AR measurements did not accurately reflect the passage areas in the vicinity of each step. One feature that is common to all the experimental data sets presented in figures 2 and 3 is oscillation of the AR-measured areas in all cylindrical sections of the steppedtube models. These oscillations were even apparent for models without inserts (figure 2), and for models with inserts that provide the largest passage area (inner diameter d = 1.0 cm; passage area 0.785 cm 2 ) (figure 3). The oscillation amplitude tended to increase as the inner diameter of the insert decreased from 1.0 to 0.4 cm. Previous reports have noted similar oscillations in area-distance curves for straight-tube models with an insert (Buenting et al 1994 , Cakmak et al 2001 , 2003a , Cankurtaran et al 2003 , Hamilton et al 1995 , Hilberg et al 1998 , Louis et al 2001 , Mlynski et al 2003 , and for a stepped-tube model (Hilberg and Pedersen 2000) .
Theory and numerical results
Cross-sectional area as a function of distance in a tubular airway, and the acoustic input impedance of such a structure are closely related, and both can be calculated from measurements of the input impulse response of the airway (Fredberg et al 1980 , Hilberg et al 1989 , Jackson et al 1977 , Marshall et al 1991 , Sharp 1996 , Sondhi and Gopinath 1971 . In this section, we derive an expression for the acoustic input impedance of a nasal cavity model of known shape (i.e. stepped-tube model), and compare cross-sectional area measured by AR with cross-sectional area determined according to theoretically calculated acoustic impedance.
Using the well-known theoretical expression for the acoustic input impedance of a cylindrical pipe of finite length (Hall 1987, Kinsler and Frey 1962) , and assuming plane wave propagation but including viscosity losses, Sharp (1996) derived an expression for the acoustic input impedance of a three-stage stepped-tube model. We expanded this method described by Sharp to calculate the acoustic input impedance of a stepped-tube model consisting of n cylindrical sections with differing lengths and radii. We showed that the acoustic input impedance (Z i ) of the ith section, and (Z n ) of the i = nth (final or most distal) section of the model are given by
and
respectively. Here ρ is the air density, ω = 2πf is the angular frequency, L i and r i are the length and inner radius of ith cylindrical section, j = (−1) 1/2 , and K i is the complex wave vector (wave propagation constant). K i is defined as follows (Sharp 1996) :
where k and α i are the real and imaginary components of the complex wave vector, c is the speed of sound in air, γ is the ratio of the principal specific heats of air, C p is the specific heat of air at constant pressure, η is the coefficient of shear viscosity of air and κ is the thermal conductivity of air. The above equations allow us to quantitatively assess the effects that energy losses due to air viscosity have on accuracy of AR measurements by comparing the impedance curves calculated for the propagation of planar acoustic waves with real and complex wave vectors.
We calculated the acoustic input impedance of the stepped-tube model as a function of sound frequency, for selected inner diameter d values of the insert in the anterior section, by taking the wave vector complex. The values for ρ, c, γ, C p , η, and κ at room temperature (20
• C) that were used in the calculations are taken from the literature (Putland 1996 , Sharp 1996 . Figure 4 shows plots of the magnitude of acoustic input impedance versus frequency, which is commonly known as the impedance curve of a system (Jackson et al 1977 , Sharp 1996 . For clarity, only the impedance curves for three different insert diameters are presented. As the figure shows, the impedance curves pass through deep minima at about 980, 1900, 2940, 4140, 4600, 5440, 6920, 7620 and 8780 Hz, which roughly correspond to the resonant frequencies of our stepped-tube models. Based on this, sharp changes (oscillations) would also be expected on plots of sound-power reflection coefficient versus frequency, because the reflection coefficient is related to the acoustic input impedance of the model system (Cankurtaran et al 2003 , Kinsler and Frey 1962 , Sidell and Fredberg 1978 . As a consequence, AR-derived cross-sectional areas would also be expected to oscillate, since AR measures the intensity of reflected sound waves relative to that of incident waves. Recently, Cankurtaran et al (2003) proved that the oscillations in AR-derived area-distance curves are mainly due to the low-frequency acoustic resonances in the nasal cavity model.
To more clearly demonstrate the correlation between oscillations in the experimental area-distance curve and those of the impedance curve, we calculated the frequency-average of the acoustic input impedance of the stepped-tube model, defined by Cakmak et al (2001) and Cankurtaran et al (2003) :
Here x is the axial distance from the beginning to the end of each cylindrical section of the model. for each cylindrical section of the stepped-tube model using the relationship:
The 'effective' cross-sectional areas also show oscillations similar to those in the area-distance curve measured by AR (figure 6). Apart from the apparent phase shift, there is one-to-one correspondence between the oscillations in the AR-determined area-distance curve and those in the 'effective' cross-sectional area curve. These results demonstrate that the AR algorithm translates oscillations of acoustic impedance in each cylindrical section of the stepped-tube model into oscillations in the corresponding area-distance curve. Since the length of the stepped-tube model is finite, some of the incident sound power is reflected back from its open distal end. Furthermore, the sound waves transmitted through the anterior constriction undergo multiple reflections at all locations where the acoustic impedance changes, including the impedance change at each step, where there is a sudden change in passage area. Hence, superposition of the sound waves travelling in opposite directions generates a complicated pattern of standing waves in the stepped-tube model. The resonant frequencies of the steppedtube models used in this study exceed the lowest frequency (100 Hz) of the acoustic rhinometer and extend well into its frequency bandwidth. Therefore, the oscillations of acoustic impedance in each cylindrical section of the stepped-tube model (and hence those in the corresponding area-distance curve measured by AR) are due to these low-frequency acoustic resonances in the model. The mean input impedance of the stepped-tube model increases substantially as the inner diameter of the insert (anterior constriction) decreases from 1.2 to 0.4 cm (see inset in figure 4) . Therefore, the area underestimation beyond a constriction of small passage area is explained by the large values found for the mean input impedance of the model. Finally, to assess the influence of viscous losses on the accuracy of AR measurements, we calculated the acoustic input impedance for the stepped-tube model with an insert of the smallest passage area (inner diameter d = 0.4 cm, passage area 0.126 cm 2 ) by taking real and complex wave vectors. Figure 7 compares the impedance curve calculated by assuming that there is viscous loss (i.e. K i complex) with the impedance curve calculated on the assumption of zero viscous loss (i.e. K i real). The inset shows the variation in mean input impedance as a function of inner diameter of the insert. The differences between the two impedance curves obtained for the complex and real wave vectors were negligible. These results indicate that energy losses due to air viscosity did not significantly influence the accuracy of AR measurements in any of the stepped-tube models used in this study.
One must also consider the attenuation of sound waves due to air viscosity (Jackson et al 1977, Sondhi and Resnick 1983) . However, we found that the sound wave attenuation coefficient, which is taken to be equal to the imaginary component of the complex wave vector (see equation (3)), was very small at all frequencies in the range from 100 Hz to 10 kHz. Therefore, the attenuation of sound waves as they propagate along the stepped-tube model is not significant. For example, if the amplitude of planar sound waves of frequency f = 5 kHz is equal to A 0 at the input of the stepped-tube model with an insert of diameter d = 0.4 cm, the amplitude decreases to A 0 exp(−αx) = 0.91A 0 at distance x = 10 cm inside the model. Such a small reduction in the amplitude of sound waves would not explain the substantial area underestimation observed in our models with inserts of the smallest passage area (see figure 3) . The stepped-tube models used in this study were short enough for energy losses due to the attenuation of sound waves to be significant. It is evident from equation (3) that the attenuation coefficient is inversely proportional to insert diameter. Therefore, area underestimation that occurs with AR beyond a severe constriction cannot be solely attributed to energy losses and/or sound wave attenuation due to air viscosity. 
Discussion
To understand the causes of area underestimation with AR, oscillations in AR-derived area-distance curves and misrepresentation of sudden area changes, it is necessary to review the physical elements of the technique and the assumptions made in AR algorithms. The physical principle of acoustic pulse reflectometry is that sound waves propagating in a tube are reflected by local changes in acoustic impedance that result from changes in the crosssectional area of the tube (Fredberg et al 1980 , Hilberg et al 1989 , Hilberg and Pedersen 2000 , Hoffstein and Fredberg 1991 , Jackson et al 1977 . The sound waves undergo partial reflection and partial transmission at each change in acoustic impedance along the tube, creating a reflection sequence. The reflection sequence at the input to the tube is termed the input impulse response of the tube, and cross-sectional area as a function of axial distance and acoustic input impedance can be calculated from this (Fredberg et al 1980 , Jackson et al 1977 , Marshall et al 1991 , Sondhi and Gopinath 1971 . Experimental data for input impulse response are usually converted to an area-distance function using the algorithm developed by Ware and Aki (1968) . The assumptions involved in acoustic pulse reflectometry technique are negligible sound loss, rigid airway walls, symmetrical branching and planar wave propagation (Fredberg et al 1980 , Hilberg et al 1989 , Hilberg and Pedersen 2000 , Hoffstein and Fredberg 1991 , Jackson et al 1977 , Jackon and Olson 1980 , Sondhi and Gopinath 1971 , Sondhi and Resnick 1983 . The assumption of planar wave propagation is fundamental to passage area measurements made with AR. This assumption determines the spatial resolution and the frequency bandwidth of the method, and imposes limitations on the transverse sizes of the airway model (Djupesland and Lyholm 1998 , Fredberg et al 1980 , Hilberg et al 1989 , Hoffstein and Fredberg 1991 , Jackson et al 1977 . The departures from planar wave propagation in our stepped-tube models were not significant, because the inner diameters of all cylindrical sections are smaller than the shortest sound wavelength (approximately 3.43 cm) produced by the AR equipment. Furthermore, our stepped-tube models were made of metal (brass), with rigid walls and no branching; thus, there were no effects related to wall non-rigidity or asymmetric branching. As shown in the previous section of this paper, energy losses and sound wave attenuation due to air viscosity were also insignificant. In other words, the nasal cavity models used in this study met all the assumptions made in AR. This means that there must be other reasons for the area underestimation, oscillation in area-distance curves and inaccurate reflection of sudden passage area changes that are seen with AR in stepped-tube models. These issues are discussed below.
Area underestimation beyond a constriction
It is well established that a narrowing in the anterior part of the nasal cavity causes errors in AR-derived areas posterior to the site of constriction. The data from this study of steppedtube models also show that AR consistently underestimates the cross-sectional areas beyond an insert (anterior constriction) of small passage area. We found that, as the passage area of the insert was reduced from 0.283 cm 2 (insert diameter 0.6 cm), the degree of area underestimation increased markedly. In other words, regardless of the particular shape of the nasal cavity model, decreasing the passage area of the anterior constriction significantly interferes with AR measurement of cross-sectional areas beyond the constriction. Such area underestimations beyond the constricted site and oscillations in the corresponding portion of the area-distance curve indicate that AR measurements of this region may easily lead to misinterpretation of a patient's nasal anatomy or condition. Pathologies that narrow the anterior nasal passage, such as septal deviation, polyp, tumour, web or stricture may cause significant errors in AR measurements of passage areas posterior to such severe constrictions.
In previous reports, the area underestimation that occurs with AR has been attributed to viscous forces, transmission losses and internal losses that take place as the sound wave is transmitted through the constriction in an airway model (Brooks et al 1984 , Buenting et al 1994 , Djupesland and Lyholm 1998 , Hamilton et al 1995 , Hilberg et al 1989 , Hilberg and Pedersen 2000 , Hoffstein and Fredberg 1991 , Jackson et al 1977 , Jackon and Olson 1980 , Mlynski et al 2003 , Terheyden et al 2000 . It has been argued that any form of energy loss or sound wave attenuation would reduce the amplitude of the reflected wave, which, in turn, would lead to area underestimation. It has also been suggested that narrowing of the bandwidth of the incident sound pulse may reduce the size of the area beyond a severe constriction as measured by AR (Hilberg et al 1998, Sondhi and Resnick 1983) . With regard to the actual nasal cavity, Hilberg et al (1989) noted that viscous losses in the narrow anterior portion of the nasal cavity are responsible for underestimation of the area beyond. However, as we demonstrated in the above section of this paper, the effects of energy losses and sound wave attenuation due to air viscosity are negligible in stepped-tube models with inserts larger than 0.2 cm diameter.
In a recent study on simple pipe models of the nasal cavity, Cankurtaran et al (2003) proved that the reason distal passage area is underestimated with AR is that the barrier created by the anterior constriction reflects most of the incident sound power. The authors showed that the presence of a constriction in the model affected the homogeneity of the frequency spectrum of the transmitted wave, because the acoustic input impedance of the model system is frequency dependent. In models with constrictions (inserts) of small passage area, the high-frequency components of the acoustic pulse generated by AR equipment do not reach the portion of the model beyond the constriction, because these waves are reflected back from the barrier created by the constriction. This finding is of vital importance for AR, since the transmitted sound waves probe, and hence provide information about, the cross-sectional area posterior to the constriction. In other words, an examiner should expect relatively higher degrees of error when measuring the cross-sectional area of a nasal cavity model beyond a constriction of small passage area. Since AR measures the intensity of reflected sound waves and compares this with the intensity of incident waves, one would expect the measured cross-sectional areas beyond the constriction to be lower than the actual cross-sectional area.
The results we obtained with stepped-tube models of the nasal cavity confirm our recent experimental findings in and theoretical studies of simple pipe models (Cankurtaran et al 2003) . A similar interpretation may apply to the actual nasal cavity, with its anterior narrow segment and its acoustic pathway of finite length. Of course, the geometry of the nasal cavity is much more complicated than the axially symmetric stepped-tube models we investigated. However, Hilberg et al (1998) argued that the complex geometry of the actual nasal cavity had no significant effects on AR measurements.
Oscillations in AR-derived area-distance curves
The AR-derived area-distance curve for each cylindrical section of the stepped-tube model exhibits significant oscillations (see figures 2 and 3). In a nasal cavity model consisting of many cylindrical sections, each time the incident sound wave encounters a new section, part is reflected and part is transmitted further along the passage. Our theoretical results demonstrate that superposition of sound waves travelling in opposite directions in each cylindrical section leads to changes in acoustic impedance, even though the cross-sectional area of the section remains constant. These changes (oscillations) in acoustic impedance are due to low-frequency acoustic resonances in the stepped-tube model. Consequently, the incident sound waves will be reflected not only due to axial variations in acoustic impedance from changes in cross-sectional area along the length of the model, but also due to axial variations in acoustic impedance caused by these acoustic resonances. When the incident wave is reflected by changes in acoustic impedance that are not caused by changes in crosssectional area, the AR algorithm interprets these changes as variations in the cross-sectional area of tube model. Therefore, if the sound-wave propagation occurs as lossless plane waves and the walls of the acoustic pathway are rigid, the assertion (Hilberg et al 1989 , Jackson et al 1977 that all changes in acoustic impedance are due to changes in cross-sectional area is not valid.
Inaccurate reproduction of sudden changes in passage area
It has been argued that the limited frequency bandwidth of the acoustic pulse reflectometry technique may increase the rise distance, and thereby produce a smoother incline in the area-distance curve (Fredberg et al 1980 , Hilberg et al 1998 , Sondhi and Resnick 1983 . The frequency bandwidth ( f ) of the incident sound pulse is important in determining the spatial resolution of the technique, and hence has a major influence on the accuracy of AR measurements. The spatial resolution ( x) is defined as the smallest axial distance that separates two cross-sectional areas that can still be resolved by the acoustic technique (Fredberg et al 1980 , Hilberg et al 1998 , Hilberg and Pedersen 2000 . In rigid-walled airways, the spatial resolution is approximately equal to c/6 f , or one-sixth of the shortest wavelength of the incident sound pulse (Djupesland and Lyholm 1998 , Fredberg et al 1980 , Sidell and Fredberg 1978 . Using c = 34 300 cm s −1 and f = 9900 Hz we obtained x = 0.6 cm, which is much smaller than (approximately half of) the rise distance we observed in our experiments (see figure 2) . This limited spatial resolution partially explains why the ARderived area-distance curve does not precisely mirror the sudden changes in passage area that occur at each junction between cylindrical sections of the stepped-tube model.
The inability of AR in reproducing these sharp changes in area can also be attributed in part to the approximations made in the algorithm used to generate the area-distance curve from the input impulse response of the system, because this algorithm affects the accuracy of the method (Fredberg et al 1980 , Hilberg et al 1998 , Hilberg and Pedersen 2000 . Most previous investigations of airways (including the nasal cavity) made using acoustic pulse reflectometry have used the algorithm developed by Ware and Aki (1968) . This algorithm assumes that the sound waves are plane waves, and it does not account for losses (airway wall non-rigidity, viscous losses) or non-planar wave propagation effects (Fredberg et al 1980 , Hilberg et al 1989 , Sidell and Fredberg 1978 . All these assumptions were considered in most of the earlier reports. However, there is a further requirement that is important: the Ware-Aki algorithm is valid under the condition that the acoustic impedance of the one-dimensional acoustic pathway is continuous (Ware and Aki 1968) . If there is a finite sudden jump in the acoustic impedance, the transformations and the potential functions used in the mathematical formulation of this algorithm are not well defined (Ware and Aki 1968) . In other words, it appears that the Ware-Aki algorithm is not suitable for calculating the area-distance function at locations where there are abrupt changes in the acoustic impedance of the model system. Sondhi and Gopinath (1971) also developed a solution to the inverse problem of calculating the area-distance function from the input impulse response of an airway. In their treatment, as in the Ware-Aki formalism, sound wave propagation was assumed to be planar, and losses in the airway were not taken into account. Their treatment is valid under the condition that the cross-sectional area S(x) as a function of the distance x from the input to the airway is finite and twice continuously differentiable. Therefore, the algorithm developed by Sondhi and Gopinath is not applicable to airway models, which feature abrupt changes in passage area.
Recently, Hilberg and Pedersen (2000) proposed a set of guidelines for optimal application of AR and presented experimental area-distance curves for a step model with nasal valve area of 0.38 cm 2 (inner diameter 0.695 cm). They showed that AR underestimated the cross-sectional areas of the step model beyond the valve region, and that the corresponding portion of the area-distance curve showed marked oscillations. The results of our present study on stepped-tube models confirm that AR underestimates the cross-sectional area beyond an insert of diameter d < 0.6 cm (passage area <0.283 cm 2 ), and that the degree of this area underestimation decreases as d is increased above 0.6 cm. Hilberg and Pedersen (2000) argued that 'steep changes cause underestimation of the area' and noted 'We know that the area behind a severe constriction is underestimated, but we do not yet know how to correct for this.' They also stated 'The technique has some physical limitations, which cannot be changed, but some technical aspects of the equipment can be adjusted to obtain higher accuracy.' The results of the model calculations we have presented in this study and in previous studies (Cakmak et al 2003a , Cankurtaran et al 2003 reveal the physical limitations of both the technique and the algorithm used in AR. They also identify the physical causes and reasons for area underestimation, oscillations in AR-derived area-distance curves and inaccurate reproduction of sharp changes in passage area. These physical limitations of the AR technique should be considered for further improvement in the design of AR equipment and related computer software.
Conclusions
The experimental and theoretical results we obtained for stepped-tube nasal cavity models with a constriction in the anterior section reveal the following: (i) oscillations in AR-derived areadistance curves are due to low-frequency acoustic resonances in the model, (ii) energy losses and sound wave attenuation due to air viscosity have negligible effects on area determination by AR, (iii) area underestimation beyond a constriction of small passage area is mainly due to reflection of most of the incident sound power by the barrier formed by the constriction and (iv) AR technique does not accurately reproduce sudden changes in passage area. The latter is due to the limited spatial resolution of AR and the approximations made in the inversion algorithm. The results suggest that the accuracy of AR measurements of the nasal cavity depends heavily on the passage area of the narrowest section of the nasal passage. Acoustic rhinometry measurements of the anterior nasal passage are reasonably accurate if the nasal valve passage area is within the normal range. However, reduction of nasal valve passage area due to any cause or pathology weakens the diagnostic value of AR for measuring the entire nasal cavity.
